This article presents the problem of modelling poroelastic material on a moving structure. It presents the ambiguity of using estimated or measured surface impedance on a rigid structure as opposed to transfer impedance, which takes into account the movement of the structure to which a porous material is fixed. Biot's model for prediction of surface impedance is presented, and the transfer impedance is defined on the basis of this model. A case where several layers of porous material are fixed to a moving wall is also studied. Lastly, it presents the level of agreement with experimental measurements in a coupled fluid-structure problem when an impedance considering a fixed structure and an impedance considering a moving structure are used.
Introduction
Absorbing materials or poroelastic acoustic materials are widely used in industry. Absorbing materials, as such, are passive media that attenuate noise by dissipating energy, converting it into heat. It is a well-known fact that the acoustic absorption phenomenon depends on sound wave frequency. At high frequencies, an adiabatic process occurs whereby loss is produced by friction as the sound wave crosses the irregular pores. At low frequencies, however, poroelastic materials absorb sound due to energy losses occurring on heat exchange. In general, the greatest efficiency of poroelastic materials is at high frequencies.
[1] contains a bibliographic review of characterisation models for porous media, in which a general distinction is made between empirical models, phenomenological models of equivalent fluid that consider a stiff porous skeleton, and models considering an elastic skeleton. The most important physical parameters governing the porous materials are also described, and a comparison is made between the characterisation models for the case of three absorbing materials.
On modelling the porous materials in a coupled fluid-structure problem, the porous material is habitually simulated by means of a wall impedance condition, as can be seen in [2] or [3] , for example. This condition implies a jump in the normal component of the structure velocities, v p , and the interface of the porous material in contact with the air, v 0 ; in other words the porous material smoothes the natural coupling condition between the fluid and the plate. We can therefore define the impedance of the material as
Some applications of this method are described in [4] , where Bermudez et al. analyse a coupled plate-fluid problem in displacement formulation by modelling the porous material as wall impedance, or in [5] , where a numerical comparison is made between the wall impedance condition and the Allard-Champoux model in a coupled fluid-structure problem. In [6] , a comparison is made between the characterisation of a porous material by its impedance, the Allard-Champoux model, Allard's first model and real-case experimental data.
However, the impedance measurement used in these studies is the result of taking the measurements in a stationary wave tube (Kundt's tube) according to the standard [7] which uses two measuring microphones. This method consists of causing a sound wave to fall on the absorbing material placed at the end of the tube against a rigid wall, using two microphones to measure the reflection coefficient. The absorption coefficient or the surface impedance of the poroelastic material is calculated on the basis of this.
Thus, in the impedance tube, the velocity of the wall on which the porous material is placed is zero, and the surface impedance obtained is
In [8] , Doutres et al. discuss the ambiguity of the use of surface impedance when the porous material is placed on a moving structure. To prevent this, they use a one-dimensional model based on Biot's theory in order to take into account wave propagation in the solid and fluid phases of the poroelastic material. Thus, they present the problem of the acoustic radiation of a piston covered by porous material, analysing the differences on considering surface impedance and transfer impedance. In [9] , the same authors present a criterion based on the FSI (frame stiffness influence) parameter in order to determine the frequency range over which a model that does not consider the porous material's skeleton stiffness is valid.
This article presents an in-depth study of the idea in [8] , with two additional differences. Firstly, the transfer impedance problem is solved for a case of porous material with two layers, and secondly, the experimental problem of a flexible plate coupled to an air cavity excited by a punctual sound source is dealt with. We present a comparison, as opposed to experimental data, of the two possible characterisations of the porous material through its wall impedance: with Z s or with Z t .
The scheme for this study is as follows: in Section 2, we present Biot's model for normal incidence, which enables us to predict the surface impedance of a porous material, presuming that this material is placed on either a rigid wall (Section 2.1) or a moving wall (Section 2.2).
In Section 3 we present the extension for double-layer porous materials. Then, in Section 4, we provide a comparison for three different porous materials between values measured in a Kundt's tube and values estimated using the models presented in the previous sections. In Section 5 we present the results obtained by applying the transfer impedance to a real problem concerning coupling between a fluid and a plate coated in porous material. These results are compared with the numerical results achieved on obtaining the impedance of the porous material as surface impedance, and with the results obtained on laboratory simulation of this experiment. Lastly, in Section 6, we draw some conclusions from our work.
Biot's Model
We would like to underline the fact that in this study we will suppose a harmonic time dependence of the e iωt type. This factor will be assumed, and will therefore not appear in the equations given.
Biot's model (see [10, 11, 12] , for example) takes the elasticity of the porous skeleton into account, and consequently the coupling between the solid phase and the fluid phase of the same.
This model considers that two longitudinal waves (compression waves) and one rotational (or shear) wave may be propagated through the porous medium at the same time. In the case of normal incidence, the rotational wave is not excited and the problem can therefore be posed in a one-dimensional diagram (see [13] ). The movement of the poroelastic material can be described by means of macroscopic displacements or, alternatively, by the solid phase velocities, v S (x), and those of the fluid, v F (x). If we consider an acoustic wave propagated from the porous medium interface to a semi-infinite acoustic domain, it can be demonstrated that the pressure on the interface is equal to the product between the air velocity and its characteristic impedance,
as explained in [8] . If
• V i j represents the incident velocity of the j th compression wave (j = 1, 2), and
• V r j represents the reflected velocity of the j th compression wave (j = 1, 2), the equations describing the movement of the porous medium are
In the above equations, μ 1 and μ 2 are the ratios of the propagation velocities of the waves in the air with respect to the solid,
while δ 1 and δ 2 are the complex wave numbers of the two compression waves,
with j=1,2.
In the previous expression Δ is
whileρ 11 andρ 12 are the modified Biot's densities,
where ρ 1 and ρ 0 are the densities of the porous skeleton and the air density respectively, φ is the porosity, α ∞ the tortuosity and σ the air flow resistivity. G(ω) is defined as: 15) where Λ represents the viscous characteristic length and η the dynamic viscosity.
denotes the characteristic impedance of the j th compression wave on propagation in the solid part of the porous medium (in its fluid part, respectively), which can be calculated as
where P , Q and R are the elastic coefficients of the porous material, which, on making the hypothesis that the porosity is practically the unit and that the compressibility modulus of the porous skeleton, K s , is much greater than the compressibility modulus of the porous medium, K s , can be calculated by means of the following equations (see [13] ):
where the dynamic elastic moduli are:
where N is the shear modulus, ν the Poisson ratio, γ the ratio between the specific heats for the air, P 0 the equilibrium pressure of the air, B 2 the Prandtl number and Λ the characteristic thermal length.
Calculation of surface impedance in Biot's model
If we suppose that the porous medium is placed against a rigid wall (i.e. in accordance with the notation in Figure 1 , the velocity at point A is zero), the boundary conditions are:
while the total flow continuity condition may be written as
If we take into account the ratio of the pressure with the displacements described in (2.3) and the description of velocities and tensions in equations (2.4)-(2.7), on solving the system posed by equations (2.25)-(2.28) we obtain v F y v S . On the basis of these velocities we obtain p and Z s using (2.3) and (1.2) respectively. This calculation figures in [13] , and the following expression is obtained for the surface impedance:
where
where l is the thickness of the porous layer.
Calculation of transfer impedance in Biot's model
Let us now suppose that the porous material is located on a flexible plate. To predict the impedance in this case (defined in [8] as transfer impedance) we need to take into account the velocity of the plate, v p . To do this we must change equation (2.27), replacing it by
Thus, in order to determine the transfer impedance, we must solve the system formed by equations (2.25), (2.26), (2.28), and (2.31), i.e.
(2.33) When this system has been solved, formula (1.1) may be applied to obtain the transfer impedance.
Extension to the case of two layers
One of the absorbing materials under study is formed by an impervious screen layer adhered to a porous material. As the impervious screen is not sealed (in which case it should be considered as a solid), we will model it in the same way as a porous layer.
Thus, in this section we extend the analysis in Section 2.2 to a two-layer porous material, as shown in Figure 3 . If we denote the phase velocity in the j th porous medium as v F,j (j ∈ {1, 2}), and so on, the system we need to solve is
On
Nota:
The results in this section may also be obtained using the method described in [13] , based on the use of a transfer matrix.
In this case, the total matrix would be calculated on the basis of multiplying a further three matrixes, two of them corresponding to the matrixes of each porous layer and one transfer matrix that links the tensions and velocities on the interface between the porous materials,
The elements of this transfer matrix are obtained on applying the continuity conditions of velocities, forces and flow on the interface between the two porous layers. These elements are described in detail in [13] .
Comparison of predictions with measurements made in a stationary wave tube
In this section, we compare the calculation of the transfer impedance Z t in sections 2.2 and 3 with surface impedance measurements made in a Kundt's tube or stationary wave tube for three types of absorbing materials. Two of them have a single porous layer: Acustifiber P (a polyester fibre) and Acusticell (an expanded polyurethane foam). Their properties are detailed in Table 1 .
The third absorbing material considered has two distinct layers: Acustec (a high mechanical resistance mineral wool) and a screen layer. We will model this material according to the analysis in Section 3. The data for these two materials is given in Table 1 . We would stress that as the screen is highly resistive, the parameters that really influence absorption are thickness and air flow resistivity, and the other parameters are therefore not contemplated.
Porous layer
Acustec Acustifiber P Acusticell Screen We will now analyse the results obtained.
• In the case of Acustec without a screen layer (Fig. 4) , it was observed that below approximately 400 Hz, both the real and imaginary part of the impedances with a static wall and a moving wall (i.e., Z s and Z t ) yield similar results. However, from 857 Hz upwards the real part of the transfer impedance Z t becomes negative, with a minimum peak at 904 Hz. As from this frequency, the airborne wave length becomes greater than the frame-borne wave length of the porous material ( [8] ), and we can therefore conclude that for the case of the Acustec without a screen layer, approaching the wall impedance via Z s is only correct below 400 Hz. The Biot's model with a static wall predicts a resonance of around 1290 Hz. If the porous material skeleton resonance frequency is calculated according to [14] using the approximate equation
(see [14] ), a value of 1270 Hz is obtained, which is close to the value estimated by the Biot's model with a fixed wall. We can therefore conclude that for this material, up to 400 Hz the movement of the skeleton follows the plate movement perfectly, and from this frequency upwards it begins to affect the frame-borne wave, showing a maximum movement precisely at the porous material skeleton resonance frequency. If this type of materials are placed against a rigid wall, the air movement cannot sufficiently excite the skeleton, and the material skeleton remains stationary on the interface in contact with the air in this case [8] .
• The same conclusions can be drawn for the Acusticell material. As can be observed in Figure 5 , Z s and Z t are very similar up to 300 Hz, but from 427 Hz upwards the real part of the impedance Z t becomes negative, reaching its minimum value at 570 Hz. The resonance frequency of the skeleton is around 985 Hz, with a value of 964 Hz obtained from equation (4.36). • However, we can affirm that the conclusions are different for the Acustifiber P material formed with polyester fibres. This material has a real part with negative transfer impedance across almost all the frequency range (Fig. 6) . So, in this case, the airborne wave length is greater than the frame-borne wave length of the porous material over almost the entire frequency range. The movement of the skeleton on the interface with the air follows the wall movement, and at high frequencies the skeleton stops moving completely. When this type of material is fixed to a static wall, it is the air that excites the porous skeleton. According to [8] , this type of material enables better decoupling between the two phases.
• Lastly, if we consider the Acustec material with its screen layer, inserting this layer causes the real part of the transfer impedance to become negative sooner, i.e. from 384 Hz, with a minimum value being reached at 466 Hz rather than 904 Hz, as occurs in the screenless case (Fig. 7) , and so the frequency range across which the skeleton of this two-layer porous material can be considered stiff is therefore reduced. In the same way, it is observed that the resonance frequency of the skeleton drops slightly, to around 1175 Hz. 
Difference between the use of surface impedance and transfer impedance in a coupled problem
In the previous section, we presented the differences existing for surface impedance between the predictions of Biot's model with a rigid wall and the measurements in a Kundt's tube, and the predictions of Biot's model considering harmonic plate movement. So what is the real influence on the impedance of considering one of these models (or measurements) when solving a global acoustic coupling problem? In this section we present a real case comparison between experimental data and numerical data: an air cavity containing a punctual sound source where one of the walls is flexible, and which is covered by a poroelastic material. We will model this material by means of its impedance, in the three ways we have described previously. Let us consider a rigid cavity, cubic in shape (0.6m x 0.6m x 0.6m), with a calibrated speaker placed on its base. The upper wall is a thin aluminium plate (1 mm thick) (see Figure 8 ). The cavity is excited by a random signal (white noise), with measurements being taken at nine internal points as shown in Figure 8 . The mean transfer function at these 9 points is represented as Y . The experimental scheme used is as detailed in [6] . In each experiment, the plate is covered by one of the absorbing materials described in the previous section. The experimental and numerical results obtained in each case are then described.
• Acustec with screen layer (Figure 9 ). It can be observed from the experimental and numerical curves that there are basically four resonance frequencies in the coupled problem. The first two have a structural origin (34 Hz and 60 Hz), while the origin of the other two is acoustic (291 Hz and 574 Hz). On comparing the numerical and experimental results it is observed that the first vibration mode experimentally shows a damping behaviour that none of the models succeeds in predicting. The extra damping probably exists due to the stiffness of the material, as occurs with the Kundt's tube measurements for these materials with a screen layer (see [15, 16] ). However, the second vibration mode is correctly predicted, and there are no significant differences when surface impedance -measured in a Kundt's tube or calculated according to Biot's model -or transfer impedance are considered. In the vibration modes of acoustic origin (291 and 574 Hz) there are significant differences between the prediction of Z s y Z t , with the latter adjusting better to the experimental data. It is also of note that the level of agreement between Z s and the impedance measured in the Kundt's tube is very high (the curves are practically indistinguishable).
• Acustifiber (Figure 11 ). The three models show similar values, with no significant difference. Also, if they are compared with the experimental results, it is noteworthy that the numerical models show less damping in the first two vibration modes, and the fourth vibration mode is not correctly characterised.
We would therefore conclude that with regard to the results shown here in section 5, the results obtained are coherent with those obtained in section 4, i.e. when a wall impedance model is used to simulate the porous medium in a coupled fluid-structure problem, in the case of the Acustec and Acusticell materials, models contemplating the non-stiff skeleton of the porous medium need to be considered for better adjustment, at least within the frequency ranges determined in section 4. However, in the case of the Acustifiber P material, a model considering a stiff skeleton could be contemplated. It is also observed that the results obtained using the Biot's model with a static wall adjust perfectly to those obtained with the impedance tube, as was expected. 
Conclusions
This article described Biot's model for predicting surface impedance, i.e. a porous material against a rigid wall, and on the basis of this we put forward Biot's model considering porous material located on a moving wall with harmonic movement, extending it to a two-layer case in order to predict the transfer impedance in porous media with a screen layer.
The different predictions of surface impedance as transfer impedance were compared with surface impedance measurements in a Kundt's tube for three different materials, and it was observed that the harmonic movement of the plate on which the material is placed causes the real part of the impedance to become negative as from a certain frequency, from which point skeleton elasticity needs to be considered for two of the materials: mineral wool and polyurethane foam. However, for the case of the polyester fibre, the real part of the transfer impedance is negative over almost the entire frequency range, and it can therefore be concluded that for this case a stiff skeleton model would be sufficient. It was also observed that the inclusion of the screen layer on the mineral wool reduces the validity frequency range even more when a model with a stiff skeleton is used.
Subsequently, in order to evaluate whether or not it is important to consider transfer impedance rather than surface impedance, different impedance models were used in a coupled problem of an air cavity excited by means of a punctual sound source, with a thin flexible plate of porous material on one of its walls. We would conclude by stressing that for the case under study, the differences between considering the impedance on the basis of calculating Biot's model with a fixed wall and the impedance obtained from the measurements made in a Kundt's tube yield the same results for all three materials, as was expected. Also, on considering transfer impedance, the results obtained from the coupled problem were coherent with the above, that is, when a wall impedance model is used to simulate the porous medium in a coupled fluid-structure problem, in the case of the mineral wool and polyurethane foam considered, a non-stiff skeleton of the porous medium needs to be contemplated, at least for the frequency ranges determined in section 4. However, in the case of the polyester fibre material, a stiff skeleton-based model could be considered.
